We have studied crystal structure, magnetism, and electric transport properties of a europium fulleride Eu 6 C 60 and its Sr-substituted compounds, Eu 6Ϫx Sr x C 60 . They have a bcc structure, which is an isostructure of other M 6 C 60 (M represents an alkali atom or an alkaline-earth atom͒. Magnetic measurements revealed that magnetic moment is ascribed to the divalent europium atom with Sϭ7/2 spin, and a ferromagnetic transition was observed at T C ϭ10-14 K. In Eu 6 C 60 , we also confirm the ferromagnetic transition by heat-capacity measurement. The striking feature in Eu 6Ϫx Sr x C 60 is very large negative magnetoresistance at low temperature; the resistivity ratio (Hϭ9 T)/(Hϭ0 T) reaches almost 10 Ϫ3 at 1 K in Eu 6 C 60 . Such large magnetoresistance is the manifestation of a strong -f interaction between conduction carriers on C 60 and 4 f electrons of Eu.
I. INTRODUCTION
Since the discovery of fullerenes, C 60 compounds have given us various opportunities for the research in condensedmatter physics and materials science. Much attention was attracted to the superconductivity in A 3 C 60 (A is an alkali atom͒.
1 As for the magnetism, TDAE-C 60 ͑TDAE is tetrakisdimethylaminoethylene͒ shows a ferromagnetic transition, 2 while antiferromagnetic ͑or spin density wave͒ ground state was observed in polymeric A 1 C 60 , 3 Na 2 Rb 0.3 Cs 0.7 C 60 , 4 and three-dimensional (NH 3 )A 3 C 60 . 5 In these compounds a magnetic moment is considered to be carried by an electron on C 60 molecule. Because various atoms and molecules can be intercalated into C 60 crystal, we also expect the magnetic C 60 compounds in which magnetic moment is carried by intercalants. From this viewpoint, rare earth metal is a good candidate. The research of rare-earth fullerides was reported for Yb ͑Ref. 6͒ and Sm ͑Ref. 7͒ in relation to the superconductivity, but little effort has been made to study the magnetic properties. The only case of magnetic study in rareearth fullerides is for europium. Europium has a magnetic moment of 7 B (Sϭ7/2, Lϭ0, and Jϭ7/2) in the divalent state, while it is nonmagnetic (Sϭ3, Lϭ3, and Jϭ0) in the trivalent state. A photoemission study of C 60 overlayered on Eu metal revealed the charge transfer from Eu to C 60 and the formation of fulleride. 8 Ksari-Habiles et al. 9 ,10 investigated the crystal structure and magnetic properties of Eu ϳ3 C 60 and Eu 6 C 60 ; they observed some magnetic anomalies in Eu 6 C 60 .
In this paper, we report the ferromagnetic transition of Eu 6 C 60 , which was observed at T C ϳ12 K in magnetic and heat-capacity measurements. We also investigated the substitution effect from Eu to nonmagnetic Sr, and the ferromagnetic transition temperature was found to change little with the Sr concentration. In the resistivity measurement we found a huge negative magnetoresistance below around T C ; the reduction ratio of resistivity (H)/(0) is almost 10 Ϫ3 at 1 K in Eu 6 C 60 . This ratio is comparable to those in perovskite manganese oxides, which is known as colossal magnetoresistance ͑CMR͒. However Eu 6 C 60 should be categorized as a new class of giant magnetoresistive compounds in the sense that ͑1͒ the magnitude of magnetoresistance increases very steeply with decreasing temperature rather than the vicinity of T C , ͑2͒ the compound consists of a molecule with novel structure. These features can open the further possibility to find a new magnetic and magnetoresistive material.
II. EXPERIMENTAL PROCEDURES
Polycrystalline samples of Eu 6Ϫx Sr x C 60 were synthesized by solid-state reaction. A stoichiometric amount of mixture of Eu, Sr, and C 60 powders, which was pressed into a pellet and sealed in a quartz tube in vacuum, was heat treated at 600°C for about 10 days. In the course of the heat treatment the sample was ground for ensuring the complete reaction. Because the sample is very unstable in air, we treated it in a glove box with inert atmosphere.
Powder x-ray diffraction ͑XRD͒ experiments were carried out by using synchrotron radiation x rays at BL-1B in Photon Factory, KEK, Tsukuba. The samples was put into a glass capillary of 0.3 mm diameter and an imaging plate was used for the detection. 11 Magnetic measurements were performed using a superconducting quantum interference device magnetometer. In the heat-capacity measurement by relaxation method, the sample was pressed into a pellet and sealed by grease to keep from exposure to air. Eu L III -edge XANES ͑x-ray absorption near-edge structure͒ was measured in the fluorescence method at BL01B1 of SPring-8, Harima. The resistivity measurements were carried out by the four-probe method. Four gold wires were attached to a pressed pellet of polycrystalline sample with sliver paste. The sample was put into a capsule and sealed in He atmosphere.
III. RESULTS
X-ray diffraction spectra of Eu 6Ϫx Sr x C 60 are shown in Fig. 1͑a͒ . The spectrum of Sr 6 C 60 is also presented as a reference. The wavelength of x ray is 0.8057 Å for xϭ0, 3, 5, and 0.8011 Å for xϭ6. They all can be understood by a bcc structure that is an isostructure of other M 6 C 60 in alkali, 12 alkaline-earth, 13 and rare earth ͑Sm͒ ͑Ref. 14͒ fullerides. The
Rietveld refinements based on the space group Im3 were performed with use of the RIETAN program. 15, 16 In the refinements, only two atomic coordinates (x for C1 and C3͒ are refined in C 60 molecule, which corresponds to the refinement of the length of 6:6 bond ͑the bond between two hexagons͒ and 5:6 bond ͑the bond between hexagon and pentagon͒. In the compounds of xϭ3 and 5, the sum of the metal concentration is fixed to unity. The results of refinement are presented in Table I and obtained structure is shown in Fig. 1͑b͒ . This crystal structure of Eu 6 C 60 is consistent with the previous works, 10,17 but we observed little trace of the secondary phase in the present sample. In the Sr-substituted compounds, the values of Eu concentration are in good agreement with the nominal ones.
As seen in Fig. 1͑c͒ , the obtained lattice constants change linearly with the nominal Eu concentration, which means they follow the Vegard's law, and confirms the formation of solid solution at xϭ3 and 5. This result is attributed to the fact that ionic radius of Eu 2ϩ and Sr 2ϩ is quite similar, while the substitution of Ba for Eu results in the phase separation. Table II . 18 The former agrees with the Eu 2ϩ state (Sϭ7/2, Lϭ0, and J ϭ0). The field dependence of magnetization at 2 K gives the saturation moment close to 7 B , which is consistent with the magnetic moment of Eu 2ϩ . Moreover the Eu 2ϩ state has Temperature dependence of magnetization at a weak field of 3 mT ͓Figs. 2͑g͒-͑i͔͒ shows a steep increase of magnetization below 10-14 K, indicating a ferromagnetic transition. To confirm the presence of the ferromagnetic phase transition, we measured heat capacity for Eu 6 C 60 . In Fig. 2͑g͒ we show the temperature dependence of heat capacity including that of grease. An obvious peak can be seen near the transition temperature, which is an evidence of the ferromagnetic phase transition. The T C is determined to be 11.6 K from the peak position. We ascertained that there was no anomaly in specific heat in this temperature region for grease, which was used to keep the sample from exposure to air. We can also see a smaller peak near 16 K, whose origin has not been clarified yet, but we consider that it does not have a magnetic origin because of no anomaly in the temperature dependence of magnetization. tion temperature estimated from the Arrott plot has a little larger value ͑13.7 K͒ than that from the heat-capacity measurement, but it is not so important in the following discussion.
From these evidences we conclude that Eu 6Ϫx Sr x C 60 shows a ferromagnetic transition at T C ϭ10-14 K, and the magnetic moment is ascribed to Eu 2ϩ . In the previous work of Eu 6 C 60 , Ksari-Habiles et al. 9 observed a mixed valence state of Eu (Eu 2ϩ and Eu 3ϩ ͒ and three successive magnetic anomalies, which is different from the present work; a possible reason is that their sample might contain a secondary phase other than Eu 6 C 60 . Figure 4͑a͒ show the temperature dependence of electric resistivity of Eu 6 C 60 measured at some magnetic fields. A most striking feature in resistivity is the huge negative magnetoresistance below around T C . The negative magnetoresistance becomes much more significant at lower temperature. In the case of Eu 6 C 60 , magnetoresistivity (Hϭ9 T) is three orders of magnitude smaller than (Hϭ0 T) at 1 K, as seen in Fig. 4͑b͒ . This large negative magnetoresistance is comparable to those of the CMR materials such as perovskite manganese oxides, where CMR effect is seen only near the ferromagnetic transition temperature. We also observed a relatively large magnetoresistance in the Sr-substituted compounds, as shown in Fig. 4͑c͒ . There is no difference between magnetoresistances in the transverse (HЌI) and longitudinal (HʈI) configurations (I represents electric current͒, suggesting the magnetoresistance in Eu 6 C 60 is not ascribed to the orbital motion of free carriers.
IV. DISCUSSION
Such giant magnetoresistance is a manifestation of the strong interaction between conduction carriers and localized magnetic moments; namely, the strong -f interaction exists in Eu 6 C 60 . When we consider formal valence state of (Eu 2ϩ ) 6 C 60 12Ϫ , t 1g band of C 60 is completely filled and the compound should become an insulator. In this case, the interaction between conduction carrier and localized moment is considered to be week, assuming that the conduction carrier mainly passes on C 60 molecules. If Eu orbitals hybridize with C 60 orbitals and form a part of conduction band, much enhancement of the interaction must occur. In the band calculation for Sr 6 C 60 and Ba 6 C 60 ͑Ref. 21͒, which have the same bcc crystal structure and the same valence state as Eu 6 C 60 , the hybridization of the d orbital of metal atom and the t 1g orbital of C 60 exists and makes the compounds metallic. This fact is confirmed experimentally. 22 The hybridization is more significant in Sr 6 C 60 than Ba 6 C 60 due to the smaller lattice constant of Sr 6 C 60 . The band structure of Eu 6 C 60 has not been studied yet, but such hybridization of the 5d and/or 6s orbitals of Eu and the t 1g orbital of C 60 is plausible in Eu 6 C 60 because Eu 6 C 60 has a further smaller lattice constant than Sr 6 C 60 .
The -f interaction is likely to affect the magnetic interaction of 4 f electrons and the origin of ferromagnetism in Eu 6 C 60 may be ascribed to the indirect exchange interaction. In the bcc structure, an Eu atom has four nearest neighbor Eu atoms ͑the distance between two Eu atoms is 3.89 Å). Therefore, in the case of Eu 1 Sr 5 C 60 , five of six Eu atoms are replaced by nonmagnetic Sr atoms, Eu atoms can no longer have the three-dimensional Eu network, so that the direct interaction fails completely. Nevertheless, T C does not show a drastic change. This is quite a contrast with the case of magnetic semiconductor EuO, where the direct exchange interaction between Eu atoms is important 23 and the substitution of Ca for Eu significantly reduces the ferromagnetic transition temperature. 24 This fact indicates that the ferromagnetism in Eu 6 C 60 comes from the indirect exchange interaction via C 60 molecules, and the -f interaction has an important role in the present system. Now we discuss the origin of the giant magnetoresistance. The features of magnetoresistance in Eu 6 C 60 are: ͑1͒ negative magnetoresistance occurs below around T C ; ͑2͒ saturation field of magnetizaion is close to that of magnetoresistance ratio ͓(H)/(0)͔, as seen in the top curve of Fig. 2͑d͒ and the bottom curve of Fig. 4͑c͒ ; ͑3͒ magnetoresistance is much enhanced at lower temperatures. The magnetoresistance ratio ͓(H)/(0)͔ does not seem to saturate with decreasing temperature, while the magnetization almost saturates at 2 K and 5.5 T. Feature ͑1͒ indicates that the present MR is closely related to the ferromagnetic transition. In a usual ferromagnetic metal, spin fluctuation scatters conduction electrons and causes negative magnetoresistance. 25, 26 This effect may be an origin of the magnetoresistance near T C , but this is not the case for the giant magnetoresistance in Eu 6 C 60 at lower temperature, because such effect is remarkable in the vicinity of T C inconsistent with feature ͑3͒. Feature ͑2͒ suggests that magnetoresistance is related to the magnetization. Furthermore, when we see (H)/(0) in log scale, the difference of (H)/(0) between 2 K and 1 K is of almost one order ͓Fig. 4͑b͒, while that of magnetization must be small͔. This means that there is another factor, in addition to the magnetization, to determine the magnetoresistance. It is probably temperature, that is, an activation process needs to be considered in the origin of the magnetoresistance.
One possible interpretation of magnetoresistance in Eu 6 C 60 is the spin-dependent tunneling at the grain boundary. 27 In the case of ferromagnetic granular metal, the conductivity is dependent on the tunneling probability of carriers through insulating barrier between grains, and the probability crucially depends on the spin polarization of carriers. In this case, each grain is assumed to be conductive and surrounded by less conductive surface. Because we measured the resistivity in a pellet of polycrystalline sample and Eu 6 C 60 is very unstable in air, the surface may react to be insulative barrier, even if the sample is treated in high-purity inert atmosphere. However, we should note that the insulating region is considered to be limited only to the thin surface because unidentified peaks in XRD spectrum are very weak and it is considered that they do not affect the magnetic and heat-capacity measurements. As shown in the inset of Fig. 4͑a͒ , the temperature dependence of resistivity is represented as (T) ϰexp(T 0 /T) 1/␣ (␣ϳ2), rather than the activation type that is expected in a usual semiconductor. The value of T 0 is about 180 K at 0 T. This fact suggests that the resistivity in our sample might be governed by the tunneling at the boundaries. 28 Our preliminary Hall-effect measurement gives R H ϭϩ5ϫ10 Ϫ2 cm 3 /C at 250 K, corresponding to the hole density of 1ϫ10 20 cm Ϫ3 ͑0.1 hole per C 60 ); this means that intrinsic Eu 6 C 60 can have relatively high conductivity and is possibly metallic by hybridization of the C 60 and metal orbitals mentioned above. Note that Hall voltage is less sensitive to the grain boundary effect. Helman and Abeles 27 considered the magnetic exchange energy E M and gave the magnetoconductivity as
where P is the spin polarization of carrier and E M ϭ(1/2)J͓1Ϫm 2 ͔. J is the exchange coupling constant between a conduction carrier and a ferromagnetic metal grain and m is the magnetization normalized by the saturation value. Equation ͑1͒ gives a negative magnetoresistance of orders of magnitude only when P is very close to unity. If Pϭ1, we obtain
Magnetoresistance in Eq. ͑2͒ increases with decreasing temperature, which agree qualitatively with feature ͑2͒ mentioned above. The assumption of Pϭ1 might be unrealistic in usual ferromagnetic metals. However, if the exchange interaction between Eu atoms is accomplished via bands of C 60 as discussed earlier, we can expect a large spin polarization of electrons. We can also consider the effect of magnetic polaron. In magnetic semiconductors such as Eu chalcogenides, a carrier polarizes surrounding magnetic moments via exchange interaction and forms a magnetic polaron. 29 At zero field, magnetic polarons have to move by flipping some magnetic moments that are more or less randomly oriented, and their conduction is suppressed. Application of magnetic field aligns spin directions and carriers become mobile. As a result, negative magnetoresistance occurs. The negative magnetoresistance above T C can be attributed to this picture. Even in the ferromagnetic phase, magnetic moments have to be flipped at a magnetic domain boundary for the motion of carrier. Because remnant magnetic moment is little, as seen in Figs. 2͑d͒, many magnetic domains exist in our sample of Eu 6 C 60 . The crucial point of above two interpretations ͑spin dependent tunneling and magnetic polaron͒ are that carriers must overcome large exchange interaction with localized spins when they go into the region of different orientation of magnetic moments.
V. SUMMARY
We have measured crystal structure, magnetic properties, and magnetoresistance in polycrystalline Eu 6 C 60 and its Srsubstituted compounds, Eu 6Ϫx Sr x C 60 . They all have a bcc structure and the compounds of xϭ3 and 5 form a solid solution concerning the occupation of metal atom. A ferromagnetic transition is observed at T C ϳ12 K in Eu 6 C 60 and all Eu atoms are in divalent state with a magnetic moment of 7 B (Sϭ7/2). The fact that the substitution of nonmagnetic Sr for Eu has little effect on T C indicates that the ferromagnetic interaction is caused through the conduction carriers. In the resistivity measurement, we have found that Eu 6 C 60 showed a huge negative magnetoresistance and (H)/(0) reduced by almost 10 Ϫ3 at Hϭ9 T and Tϭ1 K. The precise mechanism of magnetoresistance has not been clarified yet, but it manifests a strong interaction between -conduction electrons of C 60 and 4 f electrons on Eu.
